investigation^'^*'^ indicate that the flux evolution (2.5) can give an excellent description of transport processes in fluids near or far from equilibrium. Therefore the evolution eq 2.5 are not without experimental bases, even though they are part of postulates in the present formulation of a global theory.
In the original Gibbsian theory of heterogeneous phases the device of virtual variations of thermodynamic variables is employed and what dynamically causes the virtual variations is not specified since there are no evolution equations to describe them. In the present approach such a device is not necessary and any variations in macroscopic variables causing the system to suffer displacement from equilibrium can be precisely described by their global evolution equations presented in the text. Yet we obtain exactly the same result for the phase rule for reacting systems.
The stability study made in section V gives us a mathematical means to carry out stability analysis for a macroscopic, global thermodynamic system by using the variational dynamic evolution equations for the variables involved such as E;, P, etc. since such evolution equations are available in the present theory. This again is in contrast to the stability theory based on the equilibrium Gibbs relation, which is a static theory without dynamical equations for extensive variables. The analysis shows that except for the case of chemical reactions the second variation of entropy may be regarded as a Lyapounov function. The calculation presented in section VI is for a simple illustration of application of the theory although the result obtained appears to be quite interesting. There is, of course, room for refining the model, and if we do, we may find a better irreversibility factor instead of the factor 112 we have obtained here. In my opinion it is significant that the efficiency of the irreversible Camot cycle is less than unity for all values of T 2 / T 1 , because the irreversibility does not disappear even if T2/ TI is made equal to zero. If the cycle is irreversible, the efficiency should not reach that of the reversible Carnot cycle as is the case with the CurzonAhlborn formula. A crucial difference is in the inclusion of the dissipation 8 of the available energy in the present calculation.
In this paper we have examined through derivation the local field theory basis of various aspects of irreversible thermodynamics of heterogeneous systems. Various derivations of formulas indicate what sort of assumptions and limitations must be imposed if one wishes to make use of suitable ad hoc generalizations of equilibrium thermodynamic formulas to nonequilibrium forms for heterogeneous systems. The. present theory also provides ways to overcome the limitations, if necessary, by resorting to the various integral forms of local field variables and equations presented, since even formulas and equations that appear to be nothing new from the equilibrium thermodynamics viewpoint come with their local field theory counterpart. Therefore the present formulation can serve as a starting point for studies on macroscopic phernomena in heterogeneous systems from the molecular standpoint. constants for the reactions of S2 with 0, 02, 03, N20, NO, and NO2, and to establish the reaction products where possible.
Introduction

Experimental Section
Flow Tube Apparatus. The kinetics investigations were performed with the technique of discharge-flow mass spectrometry. Discharge-flow mass spectrometry1° and the discharge flow technique in general" have been described previously. The system used in these experiments is shown in Figure 1 . It consists of a 110-cm long, 2.51-cm i.d., Pyrex tube. S2 is produced in a sidearm attached to this tube. Inserted into the flow tube is a 115-cm long, 1.2-cm o.d., movable inlet. The reactants 0, 02, 03, N20, NO, and NO2 were admitted through this movable tube. S2 and another reactant mix at the exit of the injector and react for a distance z before a small fraction of the gas mixture is admitted into the ion source of a UTI (Model 1OOC-02) quadrupole mass spectrometer. Since the reaction distance is determined by the position of the movable injector, changing its position provides a means of altering reaction time in this system. The pressures in the flow tube, the intermediate chamber, and mass spectrometer chamber were typically 1.3, 5 X lo4, and 8 X 10" Torr, respectively. Ions were detected with a Channeltron (Model 4717) electron multiplier, operated in the analog mode. Detection limits were typically 10'o-lO1l molecules cmT3 a t S/N = 2.
Reagents. Cylinder gases used in this work were helium (UHP, >99.999%), nitric oxide (CP, >99%), oxygen (UHP, >99.97%), and nitrous oxide (CP, >99%). Nitrogen dioxide was prepared by reacting nitric oxide with oxygen. The NO2 was further purified via traptetrap distillation in the presence of excess oxygen until an aliquot was a white solid at 197 K, free of any bluish N203 impurities. Excess oxygen was then removed by pumping on the solid at 197 K. Ozone was produced by electrical discharge of a slow stream of oxygen (1 STP cm3 s-l) and was used in real time in the kinetics experiments. The O2 to O3 conversion was typically 4%. Oxygen atoms were generated in the movable inlet via microwave discharge of 0, at 2450 MHz. The discharge efficiency for the conversion O2 -2 0 was 5%. S2 Source. Diatomic sulfur was generated thermally from solid sulfur. Four different designs were used, the fourth being shown in Figure 2 . This source, constructed of quartz, is heated to =125 'C by a small cartridge heater connected to a Variac. The proper combination of source temperature and He flow (0.20-2.3 STP cm3/s) is adjusted so that sufficient S2 is generated for the experiment. A typical mass spectrum of the S2 source is shown in Figure 3 . The ions observed are as follows: mle 96, S3+; m l e 64, S2+; m / e 32, S+; m / e 18, H20+. The mle 66 ion corresponds to 32S34S+. Higher polymers of sulfur, S, , S5, S6, S, , and S8, were also seen at m / e 128, 160, 192, 224 , and 256, respectively. These ions were seen a t even much lower intensities than m l e 96. S3+-S8+ ion currents, added together, constituted less than 0.8% of the Sz+ ion current. The fraction of higher sulfur polymers, S3-S8, is probably higher than 0.896, but fragmentation of these species reduces this value. It is well-known, however, that heating of elemental sulfur at low and nonequilibrium pressures (as is the case with our source) favors the formation of S,.l2*l3 Further evidence that the source was not producing significant amounts of S3 and higher sulfur polymers was found by passing the source effluent through a microwave discharge. This produced only a marginally greater S2 ion current, confirming that the S2 source does not produce significant amounts of polymeric sulfur.
The ion at mle 32 was of concern, since it is known that S atoms are quite reactive toward the reactants used in this s t~d y . '~, '~ If the S2 source produced S atoms, it is possible that this highly reactive species could react with O2 forming SO
SOz has the same nominal mass as S2. Two experiments were performed that showed the S+ ion at m l e 32 was in fact a mass spectrometer fragment of S2 and not atomic S generated in the S2 thermal source. The first test was to decrease the electron impact energy from 70 to 20 eV. At 20 eV (Figure 4 ) the m l e 32 peak has vanished, and the S2+ ion at m l e 64 remains. Since fragmentation decreases with decreased electron impact energy, this gives support, but does not prove that S+ is an electron impact fragment of S2+. A second test was performed taking advantage of reaction 2. 0, was added to the effluent of the S2 source, and the ion current at m l e 48 monitored. No significant ion current could be detected, leading to the conclusion that the ion at m l e 32 is, in fact, a fragment of S2 or S2+ within the ion source, most likely produced by which conceivably could form SO2 S, + e--S+ + S + 2e-
The S2 source was constructed of quartz so that it could be quenched by cooling with water, thus shutting off S2 rapidly. This was useful for calibration purposes. The S2 source has a constant surface area of molten sulfur. Helium flow over this surface resulted in a very stable S2 output with less than 5% fluctuation over 20 min.
The flow tube was kept at 409 K for all experiments, since it was found that S2 wall loss approached unity at temperatures below 380 K. At 395 K, S2 wall loss is essentially completely eliminated as indicated by an invariant S2 signal as a function of movable inlet position. The flow tube exit housing, constructed of stainless steel, was also heated to eliminate S2 surface loss which would otherwise have added to the background signal at m l e 64. An amplified mass spectrum of S2 is shown in Figure 5 . It clearly shows four of the isotopes of S, : mle 64, 32S32S; mle 65, 32S33S; The concentration of oxygen atoms was measured in a similar
When measuring the 0 atom concentration, conditions were adjusted so that NO, was in excess of 0. With conditions also set so that >99% of 0 was consumed, the microwave discharge of oxygen was alternately turned on and off, and the AN02 signal at m / e 46 was used in conjunction with the NO2 calibration plot The inner surface of the movable injector was coated with phosphoric acid to obtain higher 0 atom fluxes into the flow tube. No other surfaces were coated in this study. 0 atom losses along the length of the flow tube were measured by titration using reaction 9, this time introducing NO2 through a port at the exit of the flow tube. ANO, did not vary with injector position, indicating negligible wall loss of 0 atoms. This condition was checked primarily by observing the linearity of pseudo-first-order decay plots. A typical decay plot for the reaction S , + 0 -products (10) is shown in Figure 7 . The reaction distance was varied 20 cm. Over this distance the [S,] decreased by about a factor of 3. The upper plot shows S2 measurements taken with the 0 discharge turned off. This blank is performed to account for any S2 destruction due to time plots for consecutive Sz decays differed by >5%, the data were discarded. The bimolecular rate constant was extracted by using the equation Twenty-four measurements of reaction 10 were made by the absolute method with the average, klo = (1.10 f 0.12) lo-" cm3 molecule-] s-I.
Results
S2
A linear regression performed on k' vs.
[O] data yielded an intercept of -1 7 s-l and a slope of 1.14 X 1 O-" cm3 molecule-' s-l. However, due to the relatively narrow range in excess reactant concentration used, [O] = 1.77 X 1013-2.8 X lOI3 molecules ~m -~, the average of the single point measurements were preferred for the absolute rate constant measurement of reaction 10. The results of these experiments are summarized in Table 11 . where ko+N02 = 9.3 X cm3 molecule-' s-1.14318 The value of kio was measured nine times by this method. The average, reported in Table 11 , is klo = (1.19 f 0.17) X lo-'' cm3 molecule-i s-I. Relative rate constant measurements provide a check on possible systematic errors present in a kinetics system and add to the confidence level placed on a new rate constant. The reaction
is a particularly suitable reference for this study, since it involves atomic 0 and as a key stratospheric reaction, it has been studied exter~sively.'~J*J~ do not occur to any detectable extent. These are highly exothermic and would result in fairly stable products. SSO, disulfur monoxide, exists in both gaseous and condensed states and is a known biochemical intermediate.,' N20 is usually quite unreactive, so its lack of reaction with S2 is not surprising. Reacting S, with high levels of O3 (>lOI4 molecules ~m -~) , NO2 (>10l5 molecules ~m -~) , and N 2 0 (>lOI5 molecules ~m -~) , under slow flow conditions showed no indication of either S, decay as a function of reaction time nor any SSO' production at m l e 80. Since SSO' might fragment under normal mass spectrometer operating conditions (e-impact energy = 70 eV), the electron impact energy was decreased to 20 eV in some experiments, but no significant m l e 80 ion current could be measured.
The reaction of S2 with oxygen AHm, = -77.7 kcal mol-' S2 + 0, -SO + SO AH,,, = -27.6 kcal mol-' (1) although highly exothermic, was not observed-probably because the strong O2 bond (BE = 119 kcal mol-') would have to be broken, and the reaction would have to proceed through an unlikely four-center intermediate. Such reactions tend to be slow or nonexistent.,, A study of the reaction of S2 with NO was attempted to see if S2 might form an adduct with NO and then disproportionate as has been proposed in the Bodenstein reaction23
The net reaction would be first order in S2 and second order in NO. No reaction was observed for S2 + NO.
It is also possible that S2 could react with two other common atmospheric oxidants, the hydroxl and hydroperoxyl radicals. Possible exothermic reactions with OH are AH,,,24 kcal mol-'
Reaction 22a is similar to reactions 18, 19, and 20 in that the S2 adduct, SSO, would be formed. Since these reactions, which are much more exothermic, did not occur, reaction 22a also might not. Reaction 22b involves another four-center intermediate and is probably slow. Addition of OH to Sa, reaction 22c, may occur at the high pressures of the troposphere. Possible exothermic reactions of S, with H02 are
Reaction 23a is highly exothermic but would involve the formation of SSO as well as the generally poor leaving group, OH. The reaction of S2 with OH and HO, merit investigation in any further study on the kinetics of S2. Analysis of Possible Interfering Reactions. The following series of reactions occur to varying extents in the S, + 0 reaction system: 
Next, the upper limit for k l is calculated by forcing the S, ratio to change by the smallest amount that would have been easily observable had the S2 signal varied (in this case 0.01 X A):
[7.42 X lo-' Also,, In
Therefore the upper limit for the rate constant for reaction of S2 with 0, is 2.3 X cm3 molecule-' s-'. Measured upper limits for reactions 1 and 18-21 are presented in Table 111 .
Discussion
The rate constant data presented in Tables I1 and I11 represent essentially the first kinetics measurements for gaseous S2. The rate constant we report for reaction 10 is k l o = (1.12 f 0.20) X
lo-'' cm3 molecule-' s-I. This value is an average of the 24 absolute measurements of k l o and the 9 relative measurements.
In a study of the reaction S + 0, -SO + 0, Homann et aL9 used reaction 10 as a source of S atoms. In order to ensure completion of their sulfur atom source they briefly investigated the S2 + 0 reaction. Their experiment involved no absolute calibration for S,, their reactant in excess, and they quote only an "order of magnitude" value (at 1050 K), k , = 4 X lo', cm3 mol-' s-I (7 X cm3 molecule-' s-I). Considering the uncertainties in their work, this is in agreement with the more accurate value reported here.
An estimate of the accuracy of the rate constant measurement is derived from a consideration of both random errors associated with the raw data and possible systematic errors. The statistical error in the data for S2 + 0 is 0.15 X lo-" cm3 molecule-' s-'.
This represents one standard deviation for the measurements of k l . Systematic errors are also incorporated into the overall uncertainty associated with k l . These consist of measurement of gas flow rates (&3%), temperature (fl%), pressure (f2%), flow tube area (f2%), reaction distance (f3%), and 0 atom concentration (&lo%). These errors yield a total systematic uncertainty of f l 1.3%. Combining this with the statistical error, as the square root of the sum of the squares, a total uncertainty of 17.7% or 0.20 X lo-" cm3 molecule-' s-' is obtained.
The effects of axial and radial diffusion were estimated by first calculating the diffusion coefficient, Ds,iHe, for S, in H e using the method of Fuller et al.,' With ( D~~/~~) 4 0 9~, 1 3Torr = 516 cm2 s-l, the effects of axial and radial diffusion on the measurement of k l o were found to be unimportant. troposphere and that it has the fairly large deposition velocity of 1 cm/s, the deposition lifetime of S, is calculated to be 20 days. S2 may also be lost via incorporation into aerosol droplets. This lifetime is =lo0 days assuming a sticking coefficient of 10-4-10-5. Thus, dry deposition is likely the dominant loss process for S, in rate constants (at 409 K) 10. According to our product distribution estimate, S2 + 0 produces exclusively SO + S. Every S atom released in this system reacts (according to reaction 2) with 0, forming SO + 0. Some of this SO then forms SO2 via reactions 3 and 4. This is a concern, since SO, detected as m / e 64 would be largely indistinguishable from S2+, also at mle 64. Any change in the ion current at mle 64 not due to S2 loss as a function of increasing reaction distance with 0 will lead to an error in the measurement of klo. However, reaction 3 is too slow to perturb significantly the m l e 64 ion current in this study; since [O,] = 2.6 X lOI4 molecules cmm3, ki,409K = 0.2 s-l. The effect of reaction 4 is also quite small. Under the conditions employed here, [O] = (1.77-2.8) X lOI3 molecules cm-3 and k: = 0.4 s-I. These pseudo-first-order rate constants can be compared to the pseudo-first-order rate constants obtained for reaction 10, 169-338 s-l. Nevertheless, at long reaction times the linear S2 decay plot shown in Figure 7 would begin to flatten out as the SO2 contribution to m / e 64 due to reaction 4 becomes significant. No corrections for SO2 production were applied to the raw S2 + 0 data because of the extremely small magnitudes of these effects and the fact that they are significant only at long reaction times.
The reaction of SO with electronically excited oxygen, 02(lA,), is energetically possible, AHrxn = -35.1 kcal mol-', but 02('A,) is known to be kinetically quite unreactive. An upper limit estimate of the magnitude of SO, production from reaction 24 can be calculated by multiplying the fastest 02(lAg) rate constant available, that for 0 2 ( l A g ) + H -OH + 0,27 k = 2.5 X cm3 molecule-] SKI, by an expected maximum Oz('Ag) concentration. A large estimate for 02( lAg) yield in microwave discharge of O,/He is about 6%, which corresponds to an 02('Ag) level of 1.6 X l O I 3 molecules c m 3 in the flow tube. The resulting pseudo-first-order rate constant for SO, production, k~o+02~lA,) = 0.40 sd. Therefore, under the conditions employed in these experiments, the effect of reaction 24 should be negligible. 3.7 X lo9 molecules cm-3.32 At these altitudes, photolysis of S2 must also be considered. The S2 bond energy of 101 kcal mol-' requires wavelengths of C283 nm for photolysis. A photolysis lifetime of S2 in the stratosphere has not been calculated, but it may be of the same order of magnitude as the chemical lifetime.
It should be pointed out that the upper limit placed on reaction 1, kl C 2.3 X cm3 molecule-' s-I, is not small enough to rule out its importance in determining the atmospheric lifetime of S2.
If the reaction of S2 + O2 were to proceed at the upper limit value for this reaction, the lifetime of S2 would be very short, T~~ = 0.8 s, due to the high atmospheric concentration of 0, (20.9% or 5.1 5 x 1Ol8 molecules One final point can be made with regard to the atmospheric fate of S2 due to reactions 10, 2, and 3 discussed above. The SO and S products of reaction 10 would react further in the atmosphere. S would rapidly become SO as a result of reaction 2. This SO, as well as the SO primary product, would rapidly be converted to SO2 via reaction 3. One S2 molecule would lead to the formation of two SO, molecules. Stratospheric photolysis of S2 would also result in the formation of two SO2 molecules. The resulting SO, produced from these processes wwld undergo subsequent chemical transformations common to atmospheric SO,, ultimately leading to sulfuric acid, H2SO4.
